Abstract Cellular-level studies demonstrate that the availability of the secosteroid hormone 1a,25-dihydroxyvitamin D [1, 25(OH) 2 D] to colon cells promotes anti-carcinogenic activities. Although epidemiological data are relatively sparse, suggestive inverse trends have been reported between circulating 1,25(OH) 2 D concentration and colorectal neoplasia. We therefore sought to evaluate the relationship between circulating 1,25(OH) 2 D concentrations and odds for metachronous colorectal adenomas among 1,151 participants from a randomized trial of ursodeoxycholic acid for colorectal adenoma prevention. No relationship between 1,25(OH) 2 D and overall odds for metachronous lesions was observed, with ORs (95 % CIs) of 0.80 (0.60-1.07) and 0.81 (0.60-1.10) for participants in the second and third tertiles, respectively, compared with those in the lowest (ptrend = 0.17). However, a statistically significant inverse association was observed between circulating 1,25(OH) 2 D concentration and odds of proximal metachronous adenoma, with an OR (95 % CI) of 0.71 (0.52-0.98) for individuals in the highest tertile of 1,25(OH) 2 D compared with those in the lowest (p-trend = 0.04). While there was no relationship overall between 1,25(OH) 2 D and metachronous distal lesions, there was a significantly reduced odds for women, but not men, in the highest 1,25(OH) 2 D tertile compared with the lowest (OR 0.53; 95 % CI 0.27-1.03; p-trend = 0.05; pinteraction = 0.08). The observed differences in associations with proximal and distal adenomas could indicate that delivery and activity of vitamin D metabolites in different anatomic sites in the colorectum varies, particularly by gender. These results identify novel associations between 1,25(OH) 2 D and metachronous proximal and distal colorectal adenoma, and suggest that future studies are needed to ascertain potential mechanistic differences in 1,25(OH) 2 D action in the colorectum.
Introduction
Colorectal cancer is the second leading cause of cancerrelated deaths in the US [1, 2] . While colonoscopy is an effective means of detecting and removing colorectal lesions, screening rates currently fall well short of recommended coverage [3] , and endoscopy appears to be more effective for lesions in the distal colorectum than for those the proximal region [4] . Therefore, an understanding of risk factors for this disease, particularly those with differential effects by colorectal sub-site, remains critical. Sporadic colorectal neoplasia has been associated with a variety of lifestyle factors, including vitamin D status [5] [6] [7] . Associations between low circulating 25(OH)D concentration and increased risk of colorectal adenomas and cancer are consistently observed [5, [8] [9] [10] [11] ; however, epidemiological studies of the active vitamin D metabolite, 1a,25-dihydroxyvitamin D [1, 25(OH) 2 D], are less common.
The hormone 1,25(OH) 2 D plays a central role in bone health as a component of the system regulating calcium homeostasis, and its concentration is maintained within a relatively narrow range due to this role [12, 13] . For this reason, 1,25(OH) 2 D concentrations have rarely been studied in epidemiologic investigations, which have generally focused on 25(OH)D. However, a recent study by Skinner and Schwartz ascertained that serum calcium concentration, which also does not generally exhibit substantial variation within healthy individuals, is significantly associated with risk of fatal prostate cancer [14] . Furthermore, it was recently reported that circulating 1,25(OH) 2 D levels are significantly inversely associated with serum fibroblast growth factor 23 (FGF23), suggesting that circulating 1,25(OH) 2 D concentrations may be modifiable while remaining within a physiologically functional range [15] . These studies demonstrate that levels of homeostatically controlled metabolites vary enough in circulation to justify evaluation in epidemiological studies. Further, it is possible that there may be differential effects of 1,25(OH) 2 D in the colorectum by factors such as gender, adenoma characteristics, or location in the colorectum.
Variation in risk of colorectal neoplasia by gender, anatomic location, or advanced histologic characteristics has been reported and may be differentially influenced by specific risk factors [6, 16, 17] . The hormone 1,25(OH) 2 D is an example of one such risk factor, as it is not fully understood how circulating 1,25(OH) 2 D levels or availability of 1,25(OH) 2 D at the colonic epithelial cell level may vary by gender or differentially affect metachronous neoplasia by colorectal sub-site or by adenoma features. Therefore, the purpose of this study was to evaluate associations between circulating 1,25(OH) 2 D concentration and metachronous colorectal adenomas, while accounting for participant and adenoma characteristics that could influence these relationships.
Methods

Study population
The present study was conducted among participants of a randomized, double blind, placebo-controlled phase III trial of ursodeoxycholic acid (UDCA) for adenoma prevention conducted at the University of Arizona Cancer Center, which has been described in detail previously [18] . Briefly, eligible participants were male and female Arizona residents (n = 1,192) ranging in age from 40 to 80 years, and who had one or more colorectal adenomas ([3 mm in diameter) removed during a colonoscopic evaluation within 6 months of entering the study. The primary study aim was to compare the effect of UDCA (8-10 mg/kg of body weight/day) versus placebo on the risk of metachronous colorectal adenoma [18] . There was no evidence that UDCA treatment decreased the overall rate of metachronous adenoma in the primary analyses [18] . Complete data for metachronous adenomas and circulating 1,25(OH) 2 D concentration were available for 1,150 participants. The University of Arizona Human Subjects committee and local hospital committees approved the UDCA study, and written informed consent was obtained from each participant prior to study enrollment.
Dietary, sociodemographic, and medical history data were collected at baseline using self-administered questionnaires. Dietary data were obtained with the Arizona Food Frequency Questionnaire (AFFQ), a validated, 113-item, semi-quantitative, scannable instrument, with study participants asked to report their usual dietary intake during the prior year [19] . A scale of seven categories ranging from [3 times/day to rarely/never was employed for most items; for beverages and commonly consumed foods, the scale ranged from [6 times/day to rarely/never [19] . Portion sizes of small, medium, or large were also recorded for each food item, and total nutrients intake were calculated by multiplying the frequency of each item's consumption by the nutrient composition for each portion size [19] .
Study endpoints
For this study, metachronous colorectal adenomas were defined as adenomas detected by colonoscopy at least 6 months after randomization to the parent trial. In the past, these lesions have been defined as ''recurrences''; however, to account for the possibility that some of the lesions discovered at the follow-up colonoscopy may have been missed at baseline colonoscopy, the term ''metachronous'' adenomas will be used herein [20] . Detailed data regarding adenoma characteristics including number, size, location, and histology were obtained via medical records and pathology reports for each subject. Adenomas were classified as advanced if they had a diameter of 1 cm or more and/or tubulovillous/villous architecture (at least 25 % villous) and/or the presence of high-grade dysplasia and/or cancer. Additionally, adenocarcinomas (n = 12) were counted as advanced lesions. All other adenomas were considered non-advanced (\1 cm in size, tubular architecture, and no high-grade dysplasia). In subjects with more than one adenoma, size and characterization of the histologic type were based on the largest and/or most advanced adenoma.
Analysis of vitamin D metabolite levels
Vitamin D metabolite concentrations at baseline were measured at Heartland Assays (Ames, IA). The lab utilized an 125 I-based radioimmunoassay, which is an established practice and has been described in detail previously [21] . Quality assurance and control measures, including pooled sample analysis with batches of study samples for measuring analytical precision and possible laboratory shifts over time as well as duplicate testing in batches, were utilized by the laboratory. The coefficient of variation was 11.5 % for 1,25(OH) 2 D analysis [22] and the analyses were conducted in a blinded fashion.
Statistical analysis
Participant characteristics were compared by tertile of 1,25(OH) 2 D concentration with means and standard deviations calculated for the continuous variables, and frequencies and percentages for the categorical variables. Circulating 1,25(OH) 2 D concentrations were evaluated as overall and gender-specific tertiles. Unconditional logistic regression modeling was used to evaluate the associations between 1,25(OH) 2 D concentrations and metachronous colorectal adenoma characteristics. Potential confounding was assessed for age, body mass index (BMI), gender, race, family history of colorectal cancer, current smoking, history of previous polyps, physical activity, and aspirin use. Dietary intake of several nutrients was also evaluated for confounding and included measurements of vitamin D, dietary fat, fiber, folate, magnesium, calcium supplement use, and total energy intake; in addition, we considered intake of red meat as a potential confounder. A confounding variable was included in the final analysis if it changed the point estimate by 10 % or greater [23] , and likelihood ratio tests comparing models with and without interaction terms were used to evaluate interactions by gender. We also assessed the possibility of heterogeneity of effect by treatment arm of the UDCA trial. We conducted stratified analyses by treatment arm of the association between 1,25(OH) 2 D and adenoma recurrence and found no differences in the point estimate between intervention groups. We further assessed heterogeneity of effect between the two treatment groups by employing an interaction term for treatment arm and tertile of 1,25(OH) 2 D and evaluating with a likelihood ratio test; no heterogeneity was observed. The STATA statistical software package (version 9.0, Stata Corporation, College Station, TX) was used for data management and statistical analysis.
Results
Participant characteristics by tertile of 1,25(OH) 2 D concentration are presented in Table 1 . Overall, UDCA trial participants had a mean age of 66.1 ± 8.5 years, 94.6 % reported White race, and 67.3 % were male. Dietary intake included a mean energy intake of 1,986.9 ± 819.9 kcal/day, calcium intake of 1,007.0 ± 492.9 mg/day, and vitamin D intake of 136.2 ± 98.6 IU/day. On average, 71.9 % of all participants reported regular use of supplements. Lower age and BMI, as well as fewer participants reporting a history of polyps or aspirin use, were observed in individuals in the highest tertile of 1,25(OH) 2 D; however, only BMI, age, and gender were identified as confounding factors for inclusion on the logistic regression models.
There were no statistically significant associations between 1,25(OH) 2 D and overall odds for metachronous adenoma (Table 2) , with ORs (95 % CIs) of 0.80 (0.60-1.07) and 0.81 (0.60-1.10) for participants in the second and third tertiles, respectively, compared with those in the lowest (p-trend = 0.17). In addition, no statistically significant relationships were observed for multiplicity, large size, or villous histology. Heterogeneity of effect by gender was evaluated and no significant differences were observed. We also conducted exploratory analyses of associations between 1,25(OH) 2 D concentrations and features of baseline adenomas. No statistically significant associations were identified (data not shown).
Odds of colorectal adenoma by anatomic location in the colon, proximal versus distal, were also evaluated (Table 3 ). There was an overall statistically significant association between odds of proximal metachronous adenoma and tertile of circulating 1,25(OH) 2 D, with ORs (95 % CIs of 0.76 (0.56-1.04) for the second tertile and 0.71 (95 % CI 0.52-0.98) for the third tertile, compared with the lowest (p-trend = 0.04). No heterogeneity of effect by gender was observed for proximal adenomas. In contrast, a statistically significant interaction by gender (p = 0.08) was found for distal adenomas. While there was no association observed between 1,25(OH)D and distal metachronous lesions among men, for women, a statistically significant inverse trend (p = 0.05) for reduced odds of distal metachronous adenoma was observed, with ORs (95 % CIs) of 0.61 (0.33-1.15) and 0.53 (0.27-1.03)for the second and third tertiles compared with those in the lowest tertile. Overall, these results provide evidence for associations between circulating 1,25(OH) 2 D concentration and odds of colorectal neoplasia that vary by gender and anatomic location in the colorectum.
Discussion
The results of the present study demonstrated that higher circulating 1,25(OH) 2 [5, 7, 24, 25] . A prior analysis of UDCA trial participants by Jacobs et al. [8] revealed a suggestive but not statistically significant association between circulating 25(OH)D concentration and metachronous adenoma, with a stronger association in women compared with men. An expanded analysis of a pooled population including UDCA and Wheat Bran Fiber trial participants identified statistically significant associations between 25(OH)D levels and specific adenoma characteristics at baseline, but not with odds of metachronous adenoma [26] . In the present study, we observed no associations between 1,25(OH) 2 D and baseline adenomas (data not shown), but we did detect significant associations between this metabolite and metachronous proximal lesions, as well as distal metachronous adenoma in women. We can only speculate as to why 25(OH)D concentrations were associated with only baseline adenoma characteristics in this study population [26] , while 1,25(OH) 2 D levels were related only to some types of metachronous adenomas. One possibility is that the different vitamin D metabolites have actions in various stages of adenoma formation, such that the active hormonal form can prevent new growth of lesions, but does not inhibit the progression of lesions that have already been initiated. Another consideration regarding the study population is the potential role of the intervention agent, UDCA. Although the primary findings of the trial were null [18] , Thompson et al. [27] conducted a further investigation of the role of gender on treatment effect in the UDCA trial. This study demonstrated that UDCA treatment was significantly associated with reduced odds of metachronous adenomas in men, but not women [28] . However, no heterogeneity of effect for the association between 1,25(OH) 2 D and adenoma recurrence was observed by treatment arm in the present study, indicating that this was not a factor in the overall or gender-specific findings.
As with calcium, circulating 1,25(OH) 2 D concentrations are maintained within a tight homeostatic range due to their importance to multiple physiologic functions [13, 29, 30] . However, recent work by Skinner and Schwartz [14] identified a statistically significant association between variation in serum calcium concentration and risk of fatal prostate cancer among the National Health and Nutrition There was also a non-significant trend of increased odds for women in the lower two quartiles of plasma 1,25(OH) 2 D (p-trend = 0.20) [17] . These results are similar to those of the current study, as we observed statistically significantly decreased odds of distal adenoma for women with higher circulating 1,25(OH) 2 The proximal colon includes the transverse colon, hepatic flexure, ascending colon, and cecum; which are the areas proximal to the splenic flexure [34, 35] , while the distal colon includes the areas distal to the splenic flexure with the descending colon, sigmoid colon, and rectum [34] . These sub-sites of the colorectum have different embryonic origins, with the proximal colon originating from the midgut and the distal colorectum from the hindgut [34, 36] . There are functional differences by sub-site that range from water and electrolyte absorption to storage of feces, which may lead to unique carcinogenic exposures for cells in each region [35] . This is supported by additional evidence that indicates differential carcinogenic pathways for distal versus proximal colorectal neoplasia [37] . For example, microsatellite instability (MSI) is more frequently observed in proximal lesions compared with chromosomal instability in distal colon neoplasia [38, 39] , while epigenetic methylation patterns also differ by region [40] . The results of the current work also demonstrate reduced risk of both proximal and distal metachronous colorectal adenoma for women, though only the association with distal metachronous adenoma achieved statistical significance. Recent studies have demonstrated that men may be at increased risk for colorectal adenoma and recurrence [4, 43, 44] ; however, the evidence is more consistent for colorectal cancer [45, 46] . An interaction between estrogen and vitamin D has been proposed to explain the observed reduced risk of colorectal neoplasia in women [47, 48] . Estrogen and vitamin D are both in the steroid hormone family and studies have proposed differences in estrogen receptor expression by colonic region [45, 49] . Furthermore, Protiva et al. [48] demonstrated that estrogen replacement therapy in postmenopausal women increased expression of the vitamin D receptor as well as genes related to the vitamin D endocrine system, including CYP24A1 and E-cadherin. In turn, increased expression of E-cadherin inhibits the activity of the Wnt/b-catenin pathway, which acts to promote cell adhesion and differentiation [50, 51] . Therefore, estrogen and vitamin D may work synergistically to reduce activity of this cancer promotion pathway, which may help explain a more consistent overall association between 1,25(OH) 2 D concentrations and adenoma recurrence among women in the present study.
The biologic activity of vitamin D is initiated when 1,25(OH) 2 D binds to the vitamin D receptor [30] . At the cellular level, autocrine processing of 25(OH)D to 1,25(OH) 2 D by intracellular 1a-hydroxylase (CYP27B1) is demonstrated in several tissues [52] ; however, there are many factors influencing this process. For example, variation in CYP27B1 has been demonstrated to affect conversion of 25(OH)D to 1,25(OH) 2 D [53] . Furthermore, polymorphic variation in the Gc-globulin (GC), also known as the vitamin D binding protein, has been associated with circulating 25(OH)D and GC levels as well as The strengths of the present study include a large sample size, with over 1,000 participants, and prospective nature of the data, including measurements of metachronous adenoma among study participants. Furthermore, the data available for participants included comprehensive pathology of adenomas, circulating vitamin D metabolite concentrations, and complete demographic as well as dietary information. Limitations include that a single baseline measure of circulating 1,25(OH) 2 D concentrations was available for each participant, and the population was largely White with an average age of approximately 65 years. Future studies in large, diverse populations with longitudinal measures of vitamin D metabolite concentrations will improve our understanding of the role of circulating 1,25(OH) 2 D concentration in risk of colorectal neoplasia.
Conclusions
The results of the current study identify statistically significant associations between circulating 1,25(OH) 2 D concentration and odds of colorectal metachronous adenoma that varies by anatomic location in the colon, as well as by gender. These findings add to a growing literature which suggests that variation in metabolites with homeostatically controlled concentrations, such as 1,25(OH) 2 D and calcium, may have a wide enough range to observe changes in risk of disease in some populations. It will be important to continue evaluating the role of 1,25(OH) 2 D concentration in risk of colorectal adenoma and cancer in additional diverse populations in order to identify individuals at risk for disease and implement cancer prevention strategies.
